Hermansky-Pudlak syndrome (HPS) defines a group of autosomal recessive disorders characterized by deficiencies in lysosomerelated organelles such as melanosomes and platelet-dense granules. Several HPS genes encode proteins of unknown function including HPS1, HPS3, and HPS4. Here we have identified and characterized endogenous HPS3 and HPS4 proteins from HeLa cells. Both proteins were found in soluble and membrane-associated forms. Sedimentation-velocity and coimmunoprecipitation experiments revealed that HPS4 but not HPS3 associates with HPS1 in a complex, which we term biogenesis of lysosome-related organelles complex 3 (BLOC-3). Mutant fibroblasts deficient in either HPS1 or HPS4 displayed abnormal localization of lysosomes and late endosomes, which were less concentrated at the juxtanuclear region in mutant cells than in control fibroblasts. The coat-color phenotype of young homozygous double-mutant mice deficient in subunits of BLOC-3 (HPS1) and BLOC-1 (pallidin) was indistinguishable from that of BLOC-1 single mutants. Taken together, these observations suggest that HPS1 and HPS4 are components of a protein complex that regulates the intracellular localization of lysosomes and late endosomes and may function in a BLOC-1-dependent pathway for melanosome biogenesis.
H
ermansky-Pudlak syndrome (HPS) defines a group of autosomal recessive disorders characterized by oculocutaneous albinism, prolonged bleeding, and mild ceroid lipofuscinosis. A subset of HPS patients also develops granulomatous colitis and pulmonary fibrosis, which is often fatal (1) . Abnormal pigmentation and bleeding are associated with defects in the biogenesis of two specialized lysosome-related organelles: melanosomes (2) and platelet-dense granules (3) . The cellular bases for the other clinical manifestations are poorly understood, although they may also arise from defects in organelles of the lysosomal system. HPS-causing mutations have been identified in several human genes (1) . One of these genes encodes the ␤3A subunit of AP-3, a protein complex that mediates signal-dependent trafficking of integral membrane proteins to lysosomes and related organelles (4) . The products of other identified HPS genes including HPS1, HPS3, and HPS4 display no homology to any known protein and seem not to be required for AP-3-dependent trafficking (5) . Initial characterization of the HPS1 protein revealed that it is expressed ubiquitously, can exist as cytosolic and membraneassociated species, and may be part of a complex (6, 7) . Neither HPS3 nor HPS4 have been characterized biochemically.
Here we report identification of endogenous HPS3 and HPS4 from human HeLa cells. We show that both proteins exist in soluble and membrane-bound forms and that HPS4 is associated with HPS1 in a stable complex, named biogenesis of lysosomerelated organelles complex 3 (BLOC-3). We provide evidence for a role of BLOC-3 in regulating the localization of lysosomes and late endosomes in fibroblasts and for its possible functional relationship to BLOC-1, another protein complex implicated in the biogenesis of lysosome-related organelles (8, 9) .
Materials and Methods
DNA Constructs. The following plasmids were generated by PCRbased engineering of cDNA segments encoding the indicated fragments of human proteins and cloning in-frame into the EcoRI-SalI sites of pGEX-5X-1 (pGST, Amersham Pharmacia Biotech), pET-30a(ϩ) (pHIS, Novagen), pET-43.1a(ϩ) (pNUS, Novagen), pGBT9, or pGAD424 (Becton Dickinson Biosciences): pGST-HPS3c and pNUS-HPS3c (residues 820-1004 of HPS3); pGST-HPS4b (residues 187-384 of HPS4); pGSTHPS4c and pHIS-HPS4c (residues 385-534 of HPS4); pGBT9-HPS1 and pGAD424-HPS1 (full-length HPS1); and pGBT9-HPS4 and pGAD424-HPS4 (full-length HPS4). For phenotyperescue experiments, the complete ORFs of human HPS1 and HPS4 were cloned into pCR3.1 (Invitrogen). All constructs were verified by DNA sequencing.
noResearch. Alexa 488-conjugated secondary antibodies were from Molecular Probes.
Mouse Strains. The mouse strains light ear (C57BL͞6J-Hps4 le/le ), pale ear (C57BL͞6J-Hps1 ep/ep ), and pallid (C57BL͞6J-Pldn pa/pa ) were kindly provided by Juan S. Bonifacino (National Institutes of Health) and Richard T. Swank (Roswell Park Cancer Institute, Buffalo, NY). C57BL͞6J mice were used as wild-type controls. Pallid͞pale-ear double mutants were generated by crossing homozygous pale-ear and pallid mice followed by crossing of the F 1 double-heterozygous mice. The genotypes of selected F 2 mice were determined by RT-PCR followed by agarose gel electrophoresis (for Hps1 alleles) or sequencing (for Pldn alleles). , and lysed by successive passages through a 25-gauge needle. The crude extract was centrifuged at 13,000 ϫ g for 10 min at 4°C and then at 120,000 ϫ g for 90 min at 4°C to obtain cytosolic and microsomal membrane fractions. Microsomal membranes were washed once in homogenization buffer to reduce contamination by cytosolic proteins. Sedimentation-velocity analyses were performed as described (8) except that samples were centrifuged for 20 h and the resulting fractions were analyzed by immunoprecipitation recapture. Immunoprecipitation recapture was carried out as described (10) except that the first immunoprecipitation step included an additional wash with 0.01% (wt͞vol) SDS. Yeast two-hybrid assays were performed as described (8) .
Fluorescence Microscopic Analyses. Fibroblasts were grown on glass coverslips by using complete DMEM͞20% FBS medium. For phenotype-rescue experiments, cells were transfected Ϸ24 h before analysis with expression plasmids encoding HPS1 or HPS4 by using the FuGENE 6 transfection reagent (Roche Molecular Biochemicals). For labeling of lysosomes with dextran, cells were incubated for 16 h at 37°C in medium containing 5 g͞liter Texas red-conjugated fixable dextran (Molecular Probes) followed by a 4-h chase period in medium lacking dextran. Lysosome labeling with LysoTracker red DND-99 (Molecular Probes) was carried out per manufacturer instructions. In some experiments, cells were incubated for 90 min at 37°C in medium containing 30 M nocodazole followed by a recovery period of up to 90 min in medium lacking the drug. Indirect immunofluorescence was performed as described (10) except for staining with mAb 6C4, which was carried out by using an alternative protocol (11) . Stained cells were examined by using a Zeiss Axioskop 2 microscope or, for colocalization analyses, a Leica TCS SP multiphoton confocal microscope. For the analyses reported in Table 1 , cells were scored under the microscope for perinuclear or dispersed distribution of each marker by using a ''blind test'' in which the examiner was not aware of the identity of the cell line present in each coverslip. For each marker, experimental condition, and cell line, an average of 406 cells was scored. For phenotype-rescue experiments, an average of 74 transfected cells was scored by using the same blinded approach.
Results
Biochemical Characterization of HPS3 and HPS4 Proteins. We raised three affinity-purified rabbit polyclonal antibodies, one of them (HP3c) against the last 185 residues of human HPS3 and the others (HP4b and HP4c) against two distinct internal regions of human HPS4. The antibodies specifically recognized recombinant forms of HPS3 or HPS4, although they failed to detect the endogenous proteins from various cell types by immunoblotting or immunofluorescence (data not shown). This is probably due to low antibody sensitivity and͞or low relative abundance of the antigen. Nevertheless, the antibodies allowed for unambiguous detection of endogenous HPS3 and HPS4 in HeLa cells by immunoprecipitation recapture, in which the antigen was immunoprecipitated first under native conditions, denatured, and ''recaptured'' in a second immunoprecipitation step. Human HPS4 was isolated as a single radiolabeled protein that migrated on SDS͞PAGE gels as an Ϸ100-kDa polypeptide (Fig. 1A) . The protein was isolated by using either HP4b or HP4c antibodies for both immunoprecipitation steps ( Fig. 1 A, lanes 2 and 5) or one antibody for the first immunoprecipitation and the other for the recapture step ( Fig. 1 A, lanes 8 and 10). As expected, the protein was not detected in control experiments in which irrelevant IgG was used at either step ( Fig. 1 A) . Similar experiments with the HP3c antibody resulted in isolation of HPS3 as a single radiolabeled protein of an apparent molecular mass of Ϸ130 kDa, which was not detected in control immunoprecipitations by using irrelevant IgG at either step (Fig. 1B) .
The deduced amino acid sequences of HPS3 and HPS4 predict no transmembrane domains or specific targeting motifs. To determine whether HPS3 and HPS4 were cytosolic proteins, metabolically labeled HeLa cells were lysed in the absence of detergents, and the soluble and postnuclear membrane fractions were isolated by differential centrifugation. The two proteins were consistently recovered from both fractions (Fig. 1C) . In addition, the membrane-associated forms of HPS3 and HPS4 could be quantitatively extracted with sodium carbonate, pH 11 (data not shown). Thus, HPS3 and HPS4 can behave as both soluble and peripheral membrane proteins.
Next we examined the sedimentation properties of the soluble forms of HPS3 and HPS4 under native conditions by ultracentrifugation of HeLa cytosol on a sucrose gradient followed by immunoprecipitation-recapture analysis of each fraction. As shown in Fig. 2 , the rate of sedimentation of HPS3 was higher than that of HPS4, suggesting that these two proteins may not associate with each other into a stable complex. By comparing the positions in the gradient of HPS3 and HPS4 to those of standard proteins, the sedimentation coefficients were estimated to be 8.8 Ϯ 1.0 S for HPS3 and 6.9 Ϯ 0.9 S for HPS4.
HPS4 but Not HPS3 Is a Subunit of a Stable Complex Containing HPS1.
It has been speculated that HPS1 and HPS4 interact with each other (12, 13) . To test for stable physical association between HPS1 and HPS4, we performed coimmunoprecipitation experiments by using the immunoprecipitation-recapture procedure described above. As expected, both HPS1 and HPS4 were recovered from samples in which their corresponding antibodies were used for both steps (Fig. 3, lanes 1, 5, and 10) . Importantly, HPS1 was also recovered from samples first immunoprecipitated by using antibodies to HPS4 (Fig. 3, lanes 3 and 7) , and conversely, HPS4 was recovered from a sample first immunoprecipitated by using anti-HPS1 (Fig. 3, lane 12) . Neither HPS1 nor HPS4 were found in samples first immunoprecipitated by using an antibody to HPS3 (Fig. 3, lanes 16-18) , and HPS3 was not detected in samples first immunoprecipitated by using antibodies to HPS1 or HPS4 (Fig. 3, lanes 4, 8, and 13) . We observed association of HPS1 with both soluble and membranebound forms of HPS4 (data not shown) and found HPS1 associated with the bulk of cytosolic HPS4 upon fractionation on a sucrose gradient (Fig. 2 Bottom) . Taken together, these results indicate that endogenous HPS1 and HPS4 are components of a stable protein complex. We have named this complex BLOC-3.
Abnormal Distribution of Lysosomes and Late Endosomes in Cells
Deficient in BLOC-3 Subunits. To gain insights into the possible function of BLOC-3 in cells that contain conventional lysosomes but lack lysosome-related organelles, we derived immortalized cell lines of skin fibroblasts from homozygous mutant mice deficient in HPS1 (pale ear) and HPS4 (light ear) as well as from isogenic ''wild-type'' control mice. By immunofluorescence analyses of fixed, permeabilized cells, we noticed that the distribution of Lamp-1, an endogenous membrane protein marker of late endosomes and lysosomes, was relatively less concentrated in the perinuclear region of pale-ear and light-ear fibroblasts than in the same region of control cells (Fig. 4 A and B and data not shown). To explore this issue further, we determined percentages of cells displaying perinuclear accumulation of Lamp-1 by examination under the fluorescence microscope of at least two independent cell lines derived from each mouse strain. As an attempt to overcome the intrinsic subjectivity of this analysis, we used a blind test strategy in which the examiner was not aware of the identity of the samples. The results are listed in Table 1 . Approximately half of the immortalized fibroblasts derived from our wild-type mouse skin preparations displayed a strong perinuclear accumulation of Lamp-1-positive organelles, in many cases with few Lamp-1-positive structures at the cell periphery (Fig. 4A , arrows, and Table 1 ). In contrast, the frequency of cells displaying this phenotype was reduced for pale-ear and, to a lesser extent, light-ear fibroblasts (Table 1 ). Immunoblotting analyses (not shown) indicated that all these cell lines expressed similar levels of Lamp-1 protein, suggesting that the observed differences were not secondary to abnormal Lamp-1 biosynthesis or degradation. We also examined a primary skin fibroblast culture from a patient suffering from HPS1 disease and observed a reduced percentage of cells displaying perinuclear accumulation of endogenous Lamp-2 as compared with that of fibroblasts from a normal individual (26% and 76%, respectively; Lamp-1 distribution was not analyzed because of differences in protein expression levels; data not shown). Importantly, the Lamp-1 distribution defects observed in pale-ear and light-ear cells could be restored by transient expression of HPS1 and HPS4 proteins, respectively (Fig. 4 G and H and Table 1 ), indicating that abnormal Lamp-1 localization indeed was a consequence of BLOC-3 deficiency.
Next we performed a series of experiments to test whether the abnormal Lamp-1 distribution observed in BLOC-3-deficient fibroblasts was due to defects in Lamp-1 trafficking to late endosomes and lysosomes or, alternatively, to impaired movement͞localization of these organelles.
First we tested whether Lamp-1 localization to lysosomes was compromised in mutant cells. We labeled lysosomes of wild-type and pale-ear cells with fluorescent dextran and determined degrees of colocalization with endogenous Lamp-1 by confocal microscopy. Because transport of fluid-phase markers to lysosomes could be delayed, in principle, in pale-ear cells, we loaded cells with dextran for 16 h followed by a long (4-h) chase period to ensure specific lysosome labeling. No differences were observed between wild-type and mutant cells in the relative numbers of dextran-labeled structures that were also positive for Lamp-1 or of Lamp-1-positive structures that contained no detectable dextran (Table 2) . We also observed extensive colocalization of Lamp-1 with lysosomes labeled with a low-pH Values are expressed as means Ϯ SD (n ϭ 2) and represent percentages of the structures conforming to the definitions indicated in numerators out of the total number of structures scored positive for the marker indicated in the denominators. Total numbers of scored structures per sample ranged from 307 to 1,049. See Materials and Methods for experimental details.
indicator, LysoTracker, both in wild-type and mutant cells (data not shown). In addition, we tested whether the degree of colocalization of Lamp-1 with a marker of early endosomes, EEA1, was increased in mutant cells. However, no difference was found between wild-type and pale-ear fibroblasts in the percentage of Lamp-1-positive structures that were also positive for EEA1 (Table 2) . These results argue against the possibility that the peripheral Lamp-1 distribution observed in BLOC-3-deficient cells is a consequence of gross mistargeting of Lamp-1 to peripheral organelles such as early endosomes.
Second, we examined the intracellular distribution of several markers of the endosomal͞lysosomal system. We observed in mutant cells reduced perinuclear accumulation of lysosomes labeled with dextran (Fig. 4 C and D and Table 1 ) and LysoTracker (data not shown) as well as late endosomes containing the endogenous lipid marker LBPA (Fig. 4 E and F and Table  1 ). In contrast, we did not detect any defect in the distributions of markers of early and͞or recycling endosomes, namely EEA1 and the transferrin receptor (data not shown). These results demonstrate that localization of late endosomes and lysosomes, not just of the Lamp proteins, is affected in BLOC-3-deficient cells.
Third, we tested the effects of reversible dispersion of lysosomes by a microtubule depolymerization agent, nocodazole, in wild-type and mutant cells. After incubation in the presence of nocodazole for 90 min, the distributions of Lamp-1-positive structures in wild-type and mutant cells were widely peripheral and virtually indistinguishable (data not shown). Within 90 min after nocodazole treatment, wild-type fibroblasts recovered their steady-state Lamp-1 distribution almost completely (Table 1) . However, mutant cells seemed to be relatively less efficient in recovering from nocodazole treatment ( Table 1) . Similar results were obtained by using internalized dextran as a marker of lysosomes (Table 1) .
Taken together, these observations are consistent with a role for BLOC-3 in regulating localization of lysosomes and late endosomes to the perinuclear area of the cell.
Coat-Color Phenotype of Mice Deficient in Both BLOC-1 and BLOC-3.
To test for a possible functional relationship between BLOC-1 and BLOC-3 in melanosome biogenesis, we generated a homozygous double-mutant mouse strain carrying the null recessive mutations pallid (which affects the pallidin subunit of BLOC-1) and pale ear. F 2 mice resulting from the crossing of pallid͞pale-ear double heterozygotes displayed the coat-color phenotypes characteristic of wild-type, pale-ear, or pallid mice, but none of them exhibited a new coat color (Fig. 5) . Subsequent genotype analysis indicated that a subset of the F 2 mice displaying pallid-like color phenotype actually were homozygous for both pallid and pale-ear mutations (Fig. 5) . Hence, HPS1͞ BLOC-3 deficiency did not enhance or reduce the pigmentation defect caused by pallidin͞BLOC-1 deficiency.
Discussion
Although HPS defects are manifested mainly in cell-typespecific organelles, all known HPS genes are expressed ubiquitously (1) . In this work we identified HPS3 and HPS4 proteins in HeLa cells, which contain conventional lysosomes but lack specialized lysosome-related organelles. Both proteins displayed mobilities on SDS͞PAGE gels that were somewhat lower than expected from their predicted molecular masses (i.e., Ϸ114 and Ϸ77 kDa for HPS3 and HPS4, respectively). It remains to be determined whether these abnormal electrophoretic mobilities are due to intrinsic properties of the polypeptide chains or posttranslational modifications. Similar to all HPS proteins characterized thus far, HPS3 and HPS4 were found in both soluble (cytosolic) and membrane-associated pools.
Density gradient fractionation and coimmunoprecipitation experiments suggest that HPS3 and HPS4 are unlikely to associate with each other into a stable complex. Instead, our results revealed that HPS4 is a component of a previously uncharacterized complex, BLOC-3, which also contains HPS1. Interaction was demonstrated by coimmunoprecipitation of endogenous proteins in either soluble or membrane-associated forms and by comigration on a sucrose gradient. On the other hand, we have been unable to demonstrate direct interaction between HPS1 and HPS4 by using the yeast two-hybrid system, and immunodepletion of HPS4 failed to completely deplete HPS1 from labeled HeLa extracts (data not shown). Although technical reasons could explain them, these negative results still raise the possibilities that HPS1 and HPS4 might not be the only subunits of BLOC-3 and that HPS1 species not associated with HPS4 might exist. Nevertheless, the finding that HPS1 and HPS4 are part of a stable complex provides a molecular explanation for the close similarity in phenotypes of pale-ear, light-ear, and pale-ear͞light-ear double-mutant mice (12) and for the apparent lack of detectable HPS1 protein found in HPS4-deficient platelets from light-ear mice (13) . In addition, it suggests that HPS disease caused by mutations in HPS4 should be clinically similar to that caused by mutations in HPS1, which has been studied extensively and linked to a high risk of developing fatal pulmonary fibrosis (1, 14) .
Results described herein provide some insight into the function of BLOC-3 in cells that lack lysosome-related organelles. We found that the intracellular distribution of lysosomes and late endosomes is affected in fibroblasts deficient in HPS1 or HPS4. Thus, organelles containing markers of lysosomes (dextran or LysoTracker), late endosomes (LBPA), or both (Lamps) were consistently less concentrated at the perinuclear region of mutant cells as compared with distributions of these organelles in control fibroblasts. These effects seemed to be more pronounced in pale-ear fibroblasts than in light-ear cells; although the basis for this difference remains unknown, it could imply the existence of some residual activity in light-ear fibroblasts. Importantly, abnormal Lamp-1 distribution could be rescued in pale-ear and light-ear cells by expression of human HPS1 and HPS4, respectively. Other organelles of the endosomal system, i.e., early and recycling endosomes, were not noticeably affected in BLOC-3-deficient cells, nor was the trans-Golgi network as labeled with antibodies to TGN46 (data not shown). Colocalization experiments with confocal microscopy failed to detect gross mistargeting of Lamp-1 in mutant cells, arguing against the possibility that abnormal Lamp distribution could be a consequence of defective protein trafficking. Rather, our results are more consistent with the idea that movement of lysosomes and late endosomes is defective in BLOC-3-deficient cells. Along these lines, it is noteworthy that phenotypic differences between wild-type and mutant cells were somewhat enhanced by reversible dispersion of lysosomes after treatment with nocodazole (Table 1) . These considerations lead us to propose that BLOC-3 is required for optimal movement of these organelles toward the perinuclear region of the cell. Time-lapsed microscopy experiments with cells labeled with fluorescent lysosome markers should allow us to test this idea more directly.
Previous studies have established that movement of lysosomes in mammalian cells depends on both microtubules and the actin cytoskeleton, with the former mediating long-range transport toward both the perinuclear area and the periphery of the cell and the latter mediating short-range movements (ref. 15 and references therein). Proteins reported to regulate movement of late endosomes and lysosomes toward the perinuclear area include Rab7 (a small GTPase of the Rab protein family) (16) and its effector, Rab-interacting lysosomal protein (RILP) (17, 18) . RILP was reported recently to induce recruitment of dynactin, an activator of the minus-end-directed motor dynein, to late endosomes and lysosomes (18) . Interference with the function of any of these proteins results in dispersion of lysosomes throughout the cell periphery (16) (17) (18) (19) (20) , which is reminiscent of the phenotype reported herein for BLOC-3-deficient fibroblasts.
Published evidence suggests that the function of the AP-3 complex in the biogenesis of lysosome-related organelles, including melanosomes, is independent of BLOC-1 and BLOC-3 despite the association of these three complexes with HPS disease in humans or mice (refs. 8 and 21 and references therein). To test for a possible functional link between BLOC-1 and BLOC-3, we generated a double-mutant mouse strain homozygous for the pallid and pale-ear mutations. Similar genetic analyses in mice have established that each of the pallid and pale-ear mutations can yield enhanced pigment dilution phenotypes when combined with mutations in other components of the machinery involved in melanosome biogenesis. Thus, the paleear mutation, which on its own generates a mild coat-color phenotype, significantly enhanced the pigmentation defects caused by the pearl and beige mutations affecting the ␤3A subunit of AP-3 and the Chediak-Higashi syndrome 1 protein, respectively (21, 22) . Likewise, the pigmentation defect of homozygous pallid͞beige double mutants was found to be more severe than that of pallid or beige single mutants (E. K. Novak and R. T. Swank, personal communication). Our results indicate that the color phenotype of pallid͞pale-ear double mutants is virtually indistinguishable from that of pallid single mutants, implying that pale ear does not enhance or complement the pigmentation defect caused by the pallid mutation. This apparent absence of genetic interaction is consistent with the notion that BLOC-1 and BLOC-3 may function in the same pathway for melanosome biogenesis.
Note Added in Proof. The association of HPS1 and HPS4 into a complex was reported independently by two recent papers (23, 24) .
We thank J. Gruenberg, J. S. Bonifacino, and R. T. Swank for their generous gifts of reagents; D. E. Krantz, C. A. Ghiani, G. S. Payne, and the members of the Dell'Angelica Laboratory for critical reading of the manuscript; and the reviewers for helpful suggestions. This work was supported by National Institutes of Health Grant HL68117.
